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Preface 



This book provides the background and techniques that will allow successful modeling, analysis, 
monitoring, testing, design, modification, and control of vibration in engineering systems. It is 
suitable as both a course textbook for students and instructors, and a practical reference tool for 
engineers and other professionals. As a textbook, it can be used in a single-semester course for 
third-year (junior) and fourth-year (senior) undergraduate students, or for Master’s level graduate 
students in any branch of engineering such as aeronautical and aerospace, civil, mechanical, and 
manufacturing engineering. But, in view of the practical considerations, design issues, experimental 
techniques, and instrumentation that are presented throughout the book, and in view of the simplified 
and snapshot-style presentation of fundamentals and advanced theory, the book will also serve as 
a valuable reference tool for engineers, technicians, and other professionals in industry and in 
research laboratories. 

The book is an outgrowth of the author’s experience in teaching undergraduate and graduate 
courses in Dynamics, Mechanical Vibration, Dynamic System Modeling, Instrumentation and 
Design, Feedback Control, Modern Control Engineering, and Modal Analysis and Testing in the 
U.S. and Canada (Carnegie Mellon University and the University of British Columbia) for more 
than 20 years. The industrial experience and training that he received in product testing and 
qualification, analysis, design, and vibration instrumentation at places like Westinghouse Electric 
Corporation in Pittsburgh, IBM Corporation in Boca Raton, NASA’s Langley and Lewis Research 
Centers, and Bruel and Kjaer in Denmark enabled the author to provide a realistic and practical 
treatment of the subject. 

Design for vibration and control of vibration are crucial in maintaining a high performance 
level and production efficiency, and prolonging the useful life of machinery, structures, and indus- 
trial processes. Before designing or controlling an engineering system for good vibratory perfor- 
mance, it is important to understand, represent (i.e., model), and analyze the vibratory characteristics 
of the system. Suppression or elimination of undesirable vibrations and generation of required 
forms and levels of desired vibrations are general goals of vibration engineering. In recent years, 
researchers and practitioners have devoted considerable effort to studying and controlling vibration 
in a range of applications in various branches of engineering. With this book, designers, engineers, 
and students can reap the benefits of that study and experience, and learn the observation, instru- 
mentation, modeling, analysis, design, modification, and control techniques that produce mechan- 
ical and aeronautical systems, civil engineering structures, and manufacturing processes that are 
optimized against the effects of vibration. 

The book provides the background and techniques that will allow successful modeling, analysis, 
design, modification, testing, and control of vibration in engineering systems. This knowledge will 
be useful in the practice of vibration, regardless of the application area or the branch of engineering. 
A uniform and coherent treatment of the subject is presented, by introducing practical applications 
of vibration, through examples, in the very beginning of the book, along with experimental tech- 
niques and instrumentation, and then integrating these applications, design, and control consider- 
ations into fundamentals and analytical methods throughout the text. To maintain clarity and focus 
and to maximize the usefulness of the book, an attempt has been made to describe and illustrate 
industry-standard and state-of-the-art instrumentation, hardware, and computational techniques 
related to the practice of vibration. As its main features, the book: 
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• Introduces practical applications, design, and experimental techniques in the very begin- 
ning, and then uniformly integrates them throughout the book 

• Provides 36 “Summary Boxes” that present key material covered in the book, in point 
form, within each chapter, for easy reference and recollection (these items are particularly 
suitable for use by instructors in their presentations) 

• Outlines mathematics, dynamics, modeling, fast Fourier transform (FFT) techniques, and 
reliability analysis in appendices 

• Provides over 60 worked examples and case studies, and over 300 problems 

• Will be accompanied by an Instructor’s Manual, for instructors, that contains complete 
solutions to all the end-of-chapter problems 

• Describes sensors, transducers, filters, amplifiers, analyzers, and other instrumentation 
that is useful in the practice of vibration 

• Describes industry-standard computer techniques, hardware, and tools for analysis, 
design, and control of vibratory systems, with examples 

• Provides a comprehensive coverage of vibration testing and qualification of products 

• Offers analogies of mechanical and structural vibration, to other oscillatory behavior 
such as in electrical and fluid systems, and contrasts these with thermal systems. 

A Note to Instructors 

The book is suitable as the text for a standard undergraduate course in Mechanical Vibration or for 
a specialized course for final-year undergraduate students and Master’s level graduate students. 
Three typical course syllabuses are outlined below. 

A. A Standard Undergraduate Course 

As the textbook for an undergraduate (3rd year or 4th year) course in Mechanical Vibration, it may 
be incorporated into the following syllabus for a 12 week course consisting of 36 hours of lectures 
and 12 hours of laboratory experiments: 

Lectures 

Chapter 1(1 hour) 

Sections 8.1, 8.2, 8.4, 9.1, 9.2, 9.8 (3 hours) 

Chapter 2 (6 hours) 

Chapter 3 (6 hours) 

Section 11.4 (2 hours) 

Chapter 5 (6 hours) 

Chapter 6 (6 hours) 

Sections 12.1, 12.2, 12.3, 12.4, 12.5 (6 hours) 

Laboratory Experiments 

The following four laboratory experiments, each of 3-hour duration, may be incorporated. 

1 . Experiment on modal testing (hammer test and other transient tests) and damping mea- 
surement in the time domain (see Section 1 1 .4) 

2. Experiment on shaker testing and damping measurement in the frequency domain (see 
Section 11.4) 

3. Experiment on single-plane and two-plane balancing (see Section 12.3) 

4. Experiment on modal testing of a distributed-parameter system (see Section 11.4) 
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B. A Course in Industrial Vibration 



Chapter 1 (1 hour) 

Chapter 4 (3 hours) 

Chapter 7 (5 hours) 

Chapter 8 (5 hours) 

Chapter 9 (4 hours) 

Chapter 10 (6 hours) 

Chapter 11 (6 hours) 

Chapter 12 (6 hours) 

A project may be included in place of a final examination. 

C. A Course in Modal Analysis and Testing 

Chapter 1(1 hour) 

Chapter 4 (3 hours) 

Chapter 5 (6 hours) 

Chapter 6 (6 hours) 

Chapter 7 (5 hours) 

Chapter 10 (6 hours) 

Chapter 11 (6 hours) 

Section 12.6 (hours) 

A project may be included in place of a final examination. 

Clarence W. de Silva 
Vancouver, Canada 
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Vibration Engineering 

Vibration is a repetitive, periodic, or oscillatory response of a mechanical system. The rate of the 
vibration cycles is termed “frequency.” Repetitive motions that are somewhat clean and regular, 
and that occur at relatively low frequencies, are commonly called oscillations, while any repetitive 
motion, even at high frequencies, with low amplitudes, and having irregular and random behavior 
falls into the general class of vibration. Nevertheless, the terms “vibration” and “oscillation” are 
often used interchangeably, as is done in this book. 

Vibrations can naturally occur in an engineering system and may be representative of its free 
and natural dynamic behavior. Also, vibrations may be forced onto a system through some form 
of excitation. The excitation forces may be either generated internally within the dynamic system, 
or transmitted to the system through an external source. When the frequency of the forcing excitation 
coincides with that of the natural motion, the system will respond more vigorously with increased 
amplitude. This condition is known as resonance, and the associated frequency is called the resonant 
frequency. There are “good vibrations,” which serve a useful purpose. Also, there are “bad vibra- 
tions,” which can be unpleasant or harmful. For many engineering systems, operation at resonance 
would be undesirable and could be destructive. Suppression or elimination of bad vibrations and 
generation of desired forms and levels of good vibration are general goals of vibration engineering. 

This book deals with 

1 . Analysis 

2. Observation 

3. Modification 

of vibration in engineering systems. Applications of vibration are found in many branches of 
engineering such as aeronautical and aerospace, civil, manufacturing, mechanical, and even elec- 
trical. Usually, an analytical or computer model is needed to analyze the vibration in an engineering 
system. Models are also useful in the process of design and development of an engineering system 
for good performance with respect to vibrations. Vibration monitoring, testing, and experimentation 
are important as well in the design, implementation, maintenance, and repair of engineering systems. 
All these are important topics of study in the field of vibration engineering, and the book will cover 
pertinent 

1. Theory and modeling 

2. Analysis 

3. Design 

4. Experimentation 

5. Control 

In particular, practical applications and design considerations related to modifying the vibrational 
behavior of mechanical devices and structures will be studied. This knowledge will be useful in the 
practice of vibration regardless of the application area or the branch of engineering; for example, in 
the analysis, design, construction, operation, and maintenance of complex structures such as the 
Space Shuttle and the International Space Station. Note in Figure 1 . 1 that long and flexible compo- 
nents, which would be prone to complex “modes” of vibration, are present. The structural design 
should take this into consideration. Also, functional and servicing devices such as robotic manipu- 
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FIGURE 1.1 The U.S. Space Shuttle and the International Space Station with the Canadarm. (Courtesy of 
NASA Langley Research Center, Hampton, VA. With permission.) 

lators (e.g., Canadarm) can give rise to vibration interactions that need to be controlled for accurate 
performance. The approach used in the book is to introduce practical applications of vibration in 
the very beginning, along with experimental techniques, and then integrate these applications and 
design considerations into fundamentals and analytical methods throughout the text. 

1.1 STUDY OF VIBRATION 

Natural, free vibration is a manifestation of the oscillatory behavior in mechanical systems, as a 
result of repetitive interchange of kinetic and potential energies among components in the system. 
Such natural oscillatory response is not limited, however, to purely mechanical systems, and is found 
in electrical and fluid systems as well, again due to a repetitive exchange of two types of energy 
among system components. But, purely thermal systems do not undergo free, natural oscillations, 
primarily because of the absence of two forms of reversible energy. Even a system that can hold 
two reversible forms of energy may not necessarily display free, natural oscillations. The reason for 
this would be the strong presence of an energy dissipation mechanism that could use up the initial 
energy of the system before completing a single oscillation cycle (energy interchange). Such dissi- 
pation is provided by damping or friction in mechanical systems, and resistance in electrical systems. 
Any engineering system (even a purely thermal one) is able to undergo forced oscillations, regardless 
of the degree of energy dissipation. In this case, the energy necessary to sustain the oscillations will 
come from the excitation source, and will be continuously replenished. 

Proper design and control are crucial in maintaining a high performance level and production 
efficiency, and prolonging the useful life of machinery, structures, and industrial processes. Before 
designing or controlling an engineering system for good vibratory performance, it is important to 
understand, represent (model), and analyze the vibratory characteristics of the system. This can be 
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FIGURE 1.2(a) An elevated guideway transit system. 

accomplished through purely analytical means, computer analysis of analytical models, testing and 
analysis of test data, or a combination of these approaches. As an example, a schematic diagram 
of an innovative elevated guideway transit system is shown in Figure 1.2(a). This is an automated 
transit system that is operated without drivers. The ride quality, which depends on the vibratory 
motion of the vehicle, can be analyzed using an appropriate model. Usually, the dynamics (inertia, 
flexibility, and energy dissipation) of the guideway, as well as the vehicle, must be incorporated 
into such a model. A simplified model is shown in Figure 1.2(b). It follows that modeling, analysis, 
testing, design, and control are all important aspects of study in mechanical vibration. 

The analysis of a vibrating system can be done either in the time domain or in the frequency 
domain. In the time domain, the independent variable of a vibration signal is time. In this case, 
the system itself can be modeled as a set of differential equations with respect to time. A model 
of a vibrating system can be formulated by applying either force-momentum rate relations (New- 
ton’s second law) or the concepts of kinetic and potential energies. Both Newtonian (force-motion) 
and Lagrangian (energy) approaches will be utilized in this book. 

In the frequency domain, the independent variable of a vibration signal is frequency. In this 
case, the system can be modeled by input-output transfer functions which are algebraic, rather than 
differential, models. Transfer function representations such as mechanical impedance, mobility, 
receptance, and transmissibility can be conveniently analyzed in the frequency domain, and effec- 
tively used in vibration design and evaluation. Modeling and vibration-signal analysis in both time 
and frequency domains will be studied in this book. The two domains are connected by the Fourier 
transformation, which can be treated as a special case of the Laplace transformation. These 
transform techniques will be studied, first in the purely analytical and analog measurement situation 
of continuous time. In practice, however, digital electronics and computers are commonly used in 
signal analysis, sensing, and control. In this situation, one needs to employ concepts of discrete 
time, sampled data, and digital signal analysis in the time domain. Correspondingly, then, concepts 
of discrete or digital Fourier transformation and techniques of fast Fourier transform (FFT) will be 
applicable in the frequency domain. These concepts and techniques are also studied in this book. 

An engineering system, when given an initial disturbance and allowed to execute free vibrations 
without a subsequent forcing excitation, will tend to do so at a particular “preferred” frequency 
and maintaining a particular “preferred” geometric shape. This frequency is termed a “natural 
frequency” of the system, and the corresponding shape (or motion ratio) of the moving parts of 
the system is termed a “mode shape.” Any arbitrary motion of a vibrating system can be represented 
in terms of its natural frequencies and mode shapes. The subject of modal analysis primarily 
concerns determination of natural frequencies and mode shapes of a dynamic system. Once the 
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FIGURE 1.2(b) A model for determining the ride quality of the elevated guideway transit system. 

modes are determined, they can be used in understanding the dynamic nature of the systems, and 
also in design and control. Modal analysis is extremely important in vibration engineering, and 
will be studied in this book. Natural frequencies and mode shapes of a vibrating system can be 
determined experimentally through procedures of modal testing. In fact, a dynamic model 
(an experimental model) of the system can be determined in this manner. The subject of modal 
testing, experimental modeling (or model identification), and associated analysis and design is 
known as experimental modal analysis. This subject will also be treated in this book. 

Energy dissipation (or damping) is present in any mechanical system. It alters the dynamic 
response of the system, and has desirable effects such as stability, vibration suppression, power 
transmission (e.g., in friction drives), and control. Also, it has obvious undesirable effects such as 
energy wastage, reduction of the process efficiency, wear and tear, noise, and heat generation. For 
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these reasons, damping is an important topic of study in the area of vibration, and will be covered 
in this book. In general, energy dissipation is a nonlinear phenomenon. But, in view of well-known 
difficulties of analyzing nonlinear behavior, and because an equivalent representation of the overall 
energy dissipation is often adequate in vibration analysis, linear models are primarily used to 
represent damping in the analyses herein. However, nonlinear representations are discussed as well; 
and how equivalent linear models can be determined for nonlinear damping are described. 

Properties such as mass (inertia), flexibility (spring-like effect), and damping (energy dissipa- 
tion) are continuously distributed throughout practical mechanical devices and structures to a large 
extent. This is the case with distributed components such as cables, shafts, beams, membranes, 
plates, shells, and various solids, as well as structures made of such components. Representation 
(i.e., modeling) of these distributed-parameter (or continuous) vibrating systems will require inde- 
pendent variables in space (spatial coordinates) in addition to time; these models are partial 
differential equations in time and space. The analysis of distributed-parameter models will require 
complex procedures and special tools. This book studies vibration analysis, particularly modal 
analysis, of several types of continuous components, as well as how approximate lumped-parameter 
models can be developed for continuous systems, using procedures such as modal analysis and 
energy equivalence. 

Vibration testing is useful in a variety of stages in the development and utilization of a product. 
In the design and development stage, vibration testing can be used to design, develop, and verify 
the performance of individual components of a complex system before the overall system is built 
(assembled) and evaluated. In the production stage, vibration testing can be used for screening of 
selected batches of products for quality control. Another use of vibration testing is in product 
qualification. Here, a product of good quality is tested to see whether it can withstand various 
dynamic environments that it may encounter in a specialized application. An example of a large- 
scale shaker used for vibration testing of civil engineering structures is shown in Figure 1.3. The 
subject of vibration testing is addressed in some detail in this book. 

Design is a subject of paramount significance in the practice of vibration. In particular, mechan- 
ical and structural design for acceptable vibration characteristics will be important. Modification 
of existing components and integration of new components and devices, such as vibration dampers, 
isolators, inertia blocks, and dynamic absorbers, can be incorporated into these practices. Further- 
more, elimination of sources of vibration — for example, through component alignment and 
balancing of rotating devices — is a common practice. Both passive and active techniques are used 
in vibration control. In passive control, actuators that require external power sources are not 
employed. In active control, vibration is controlled by means of actuators (which need power) to 
counteract vibration forces. Monitoring, testing, and control of vibration will require devices such 
as sensors and transducers, signal conditioning and modification hardware (e.g., filters, amplifiers, 
modulators, demodulators, analog-digital conversion means), and actuators (e.g., vibration exciters 
or shakers). The underlying subject of vibration instrumentation will be covered in this book. 
Particularly, within the topic of signal conditioning, both hardware and software (numerical) 
techniques will be presented. 

1.2 APPLICATION AREAS 

The science and engineering of vibration involve two broad categories of applications: 

1. Elimination or suppression of undesirable vibrations 

2. Generation of the necessary forms and quantities of useful vibrations 

Undesirable and harmful types of vibration include structural motions generated due to earthquakes, 
dynamic interactions between vehicles and bridges or guideways, noise generated by construction 
equipment, vibration transmitted from machinery to its supporting structures or environment, and 
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FIGURE 1.3 A multi-degree-of-freedom hydraulic shaker used in testing civil engineering structures. 
(Courtesy of Prof. C.E. Ventura, University of British Columbia. With permission.) 

damage, malfunction, and failure due to dynamic loading, unacceptable motions, and fatigue caused 
by vibration. As an example, dynamic interactions between an automated transit vehicle and a 
bridge (see Figure 1.4) can cause structural problems as well as degradation in ride quality. Rigorous 
analysis and design are needed, particularly with regard to vibration, in the development of these 
ground transit systems. Lowering the levels of vibration will result in reduced noise and improved 
work environment, maintenance of a high performance level and production efficiency, reduction 
in user/operator discomfort, and prolonging the useful life of industrial machinery. Desirable types 
of vibration include those generated by musical instruments, devices used in physical therapy and 
medical applications, vibrators used in industrial mixers, part feeders and sorters, and vibratory 
material removers such as drills and polishers (finishers). For example, product alignment for 
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FIGURE 1 .4 The Sky Train in Vancouver, Canada, a modern automated transit system. (Photo by Mark Van 
Manen, courtesy of BC Transit. With permission.) 




FIGURE 1.5 An alignment shaker. (Key Technology, Inc., of Walla Walla, WA. With permission.) 
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industrial processing or grading can be carried out by means of vibratory conveyors or shakers, as 
shown in Figure 1.5. 

Concepts of vibration have been used for many centuries in practical applications. Recent 
advances of vibration are quite significant, and the corresponding applications are numerous. Many 
of the recent developments in the field of vibration were motivated perhaps for two primary reasons: 

1 . The speeds of operation of machinery have doubled over the past 50 years and, conse- 
quently, the vibration loads generated due to rotational excitations and unbalances would 
have quadrupled if proper actions of design and control were not taken. 

2. Mass, energy, and efficiency considerations have resulted in lightweight, optimal designs 
of machinery and structures consisting of thin members with high strength. Associated 
structural flexibility has made the rigid-structure assumption unsatisfactory, and given 
rise to the need for sophisticated procedures of analysis and design that govern distrib- 
uted-parameter flexible structures. 

One can then visualize several practical applications where modeling, analysis, design, control, 
monitoring, and testing, related to vibration are important. 

A range of applications of vibration can be found in various branches of engineering: partic- 
ularly civil, mechanical, aeronautical and aerospace, and production and manufacturing. Modal 
analysis and design of flexible civil engineering structures such as bridges, guideways, tall buildings, 
and chimneys directly incorporate theory and practice of vibration. A fine example of an elongated 
building where vibration analysis and design are crucial is the Jefferson Memorial Arch, shown in 
Figure 1.6. 

In the area of ground transportation, vehicles are designed by incorporating vibration engineer- 
ing, not only to ensure structural integrity and functional operability, but also to achieve required 
levels of ride quality and comfort. Specifications such as the one shown in Figure 1.7, where limits 
on root-mean-square (rms) levels of vibration (expressed in units of acceleration due to gravity, g) 
for different frequencies of excitation (expressed in cycles per second, or hertz, or Hz) and different 
trip durations, are used to specify ride quality requirements in the design of transit systems. In 
particular, the design of suspension systems, both active and passive, falls within the field of 
vibration engineering. Figure 1.8 shows a test setup used in the development of an automotive 
suspension system. In the area of air transportation, mechanical and structural components of 
aircraft are designed for good vibration performance. For example, proper design and balancing 
can reduce helicopter vibrations caused by imbalance in their rotors. Vibrations in ships can be 
suppressed through structural design, propeller and rudder design, and control. Balancing of internal 
combustion engines is carried out using principles of design for vibration suppression. 

Oscillation of transmission lines of electric power and communication signals (e.g., overhead 
telephone lines) can result in faults, service interruptions, and sometimes major structural damage. 
Stabilization of transmission lines involves direct application of the principles of vibration in cables 
and the design of vibration dampers and absorbers. 

In the area of production and manufacturing engineering, mechanical vibration has direct 
implications of product quality and process efficiency. Machine tool vibrations are known to not 
only degrade the dimensional accuracy and the finish of a product, but also will cause fast wear 
and tear and breakage of tools. Milling machines, lathes, drills, forging machines, and extruders, 
for example, should be designed for achieving low vibration levels. In addition to reducing the tool 
life, vibration will result in other mechanical problems in production machinery, and will require 
more frequent maintenance. Associated downtime (production loss) and cost can be quite significant. 
Also, as noted before, vibrations in production machinery will generate noise problems and also 
will be transmitted to other operations through support structures, thereby interfering with their 
performance as well. In general, vibration can degrade performance and production efficiency of 
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FIGURE 1 .8 Cone suspension system installed on a Volvo 480ES automobile fortesting. (Copyright Mechan- 
ical Engineering magazine; the American Society of Mechanical Engineers International. With permission.) 

manufacturing processes. Proper vibration isolation (e.g., mountings) will be needed to reduce these 
transmissibility problems. 

Heavy machinery in the construction industry (e.g., cranes, excavators, pile drivers, impacting 
and compacting machinery, and bulldozers) rely on structural integrity, reliability, and safety. Their 
design must be based on sound principles of engineering. Although the dynamic loading in these 
machines is generally random, it is also quite repetitive from the point of view of both the excitation 
generated by the engine and the functional operation of the tasks performed. Design based on 
vibration and fatigue is an important requirement for these machines: for maintaining satisfactory 
performance, prolonging the useful life, and reducing the cost and frequency of maintenance. 

1.3 HISTORY OF VIBRATION 

The origins of the theory of vibration can be traced back to the design and development of musical 
instruments (good vibration). It is known that drums, flutes, and stringed instruments existed in 
China and India for several millennia B.C. Also, ancient Egyptians and Greeks explored sound and 
vibration from both practical and analytical points of view. For example, while Egyptians had known 
of a harp since at least 3000 B.C., the Greek philosopher, mathematician, and musician Pythagoras 
(of the Pythagoras theorem fame) who lived during 582 to 502 B.C., experimented on sounds 
generated by blacksmiths and related them to music and physics. The Chinese developed a mechan- 
ical seismograph (an instrument to detect and record earthquake vibrations) in the 2nd century A.D. 

The foundation of the modern-day theory of vibration was probably laid by scientists and 
mathematicians such as Robert Hooke (1635-1703) of the Hooke’s law fame, who experimented 
on the vibration of strings; Sir Isaac Newton (1642-1727), who gave us calculus and the laws of 
motion for analyzing vibrations; Daniel Bernoulli (1700-1782) and Leonard Euler (1707-1783), 
who studied beam vibrations (Bernoulli-Euler beam) and also explored dynamics and fluid mechan- 
ics; Joseph Lagrange (1736-1813), who studied vibration of strings and also explored the energy 
approach to formulating equations of dynamics; Charles Coulomb (1736-1806), who studied 



©2000 CRC Press 




torsional vibrations and friction; Joseph Fourier (1768-1830), who developed the theory of fre- 
quency analysis of signals; and Simeon-Dennis Poisson (1781-1840), who analyzed vibration of 
membranes and also analyzed elasticity (Poisson's ratio). As a result of the industrial revolution 
and associated developments of steam turbines and other rotating machinery, an urgent need was 
felt for developments in the analysis, design, measurement, and control of vibration. Motivation 
for many aspects of the existing techniques of vibration can be traced back to related activities 
since the industrial revolution. 

Much credit should go to scientists and engineers of more recent history, as well. Among the 
notable contributors are Rankine (1820-1872), who studied critical speeds of shafts; Kirchhoff 
(1824-1887), who analyzed vibration of plates; Rayleigh (1842-1919), who made contributions to 
the theory of sound and vibration and developed computational techniques for determining natural 
vibrations; de Laval (1845-1913), who studied the balancing problem of rotating disks; Poincare 
(1854-1912), who analyzed nonlinear vibrations; and Stodola (1859-1943), who studied vibrations 
of rotors, bearings, and continuous systems. Distinguished engineers who made significant contri- 
butions to the published literature and also to the practice of vibration include Timoshenko, Den 
Hartog, Clough, and Crandall. 

1.4 ORGANIZATION OF THE BOOK 

This book provides the background and techniques for modeling, analysis, design, instrumentation 
and monitoring, modification, and control of vibration in engineering systems. This knowledge will 
be useful in the practice of vibration, regardless of the application area or the branch of engineering. 
A uniform and coherent treatment of the subject is given by introducing practical applications of 
vibration in the very beginning of the book, along with experimental techniques and instrumentation, 
and then integrating these applications, design and experimental techniques, and control consider- 
ations into fundamentals and analytical methods throughout the text. 

The book consists of 12 chapters and 5 appendices. The chapters have summary boxes for easy 
reference and recollection. Many worked examples and problems (over 300) are included. Some 
background material is presented in the appendices, rather than in the main text, in order to avoid 
interference with the continuity of the subject matter. 

The present introductory chapter provides some background material on the subject of vibration 
engineering, and sets the course for the study. It gives the objectives and motivation of the study 
and indicates key application areas. A brief history of the field of vibration is given as well. 

Chapter 2 provides the basics of time response analysis of vibrating systems. Both undamped 
and damped systems are studied. Also, analysis of both free (unforced) and forced response is 
given. The concept of a state variable is introduced. Some analogies of purely mechanical and 
structural vibrating systems — specifically, translator^ flexural, and torsional; to electrical and 
fluid oscillatory systems — are introduced. An energy-based approximation of a distributed- 
parameter system (a heavy spring) to a lumped-parameter system is developed in detail. The 
logarithmic decrement method of damping measurement is developed. Although the chapter pri- 
marily considers single-degree-of-freedom systems, the underlying concepts can be easily extended 
to multi-degree-of-freedom systems. 

Chapter 3 concerns frequency response analysis of vibrating systems. First, the response of a 
vibrating system to harmonic (sinusoidal) excitation forces (inputs) is analyzed, primarily using the 
time-domain concepts developed in Chapter 2. Then, its interpretation in the frequency domain is given. 
The link between the time domain and the frequency domain, through Fourier transform, is highlighted. 
In particular, Fourier transform is interpreted as a special case of Laplace transform. The response 
analysis using transform techniques is presented, along with the associated basic ideas of convolution 
integral, and the impulse response function whose Laplace transform is the transfer function, and 
Fourier transform is the frequency response function. The half-power bandwidth approach of measuring 
damping is given. Special types of frequency transfer functions — specifically, force transmissibility. 
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motion transmissibility, and receptance — are studied and their complementary relationships are 
highlighted. Their use in the practice of vibration, particularly in vibration isolation, is discussed. 

Chapter 4 presents the fundamentals of analyzing vibration signals. First, the idea of frequency 
specttum of a time signal is given. Various types and classifications of signals encountered in 
vibration engineering are discussed. The technique of Fourier analysis is formally introduced and 
linked to the concepts presented in Chapter 3. The idea of random signals is introduced, and useful 
analytical techniques for these signals are presented. Practical issues pertaining to vibration signal 
analysis are raised. Computational techniques of signal analysis are given and various sources of 
error, such as aliasing and truncation, are indicated; and ways of improving the accuracy of digital 
signal analysis are given. 

Chapter 5 deals with the modal analysis of lumped-parameter vibrating systems. The basic 
assumption made is that distributed effects of inertia and flexibility in a vibrating system can be 
represented by an interconnected set of lumped inertia and spring elements. The total number of 
possible independent, incremental motions of these inertia elements is the number of degrees of 
freedom of the system. For holonomic systems, this is also equal to the total number of independent 
coordinates needed to represent an arbittary configuration of the system; but for non-holonomic 
systems, the required number of coordinates will be larger. For this reason, the concepts of 
holonomic and non-holonomic systems and the corresponding types of constraints are discussed. 
The representation of a general lumped-parameter vibrating system by a differential equation model 
is given, and methods of obtaining such a model are discussed. Apart from the Newtonian and 
Lagrangian approaches, the influence coefficient approach is given for determining the mass and 
stiffness mattices. The concepts of natural frequencies and mode shapes are discussed, and the 
procedure for determining these characteristic quantities, through modal analysis, is developed. 
The orthogonality property of natural modes is derived. The ideas of static modes and rigid body 
modes are explored, and the causes of these conditions will be indicated. In addition to the standard 
formulation of the modal analysis problem, two other modal formulations are developed. The 
analysis of the problem of forced vibration, using modal analysis, is given. Damped lumped- 
parameter vibrating systems are studied from the point of view of modal analysis. The conditions 
of existence of real modes for damped systems are explored, with specific reference to proportional 
damping. The state-space approach of representing and analyzing a vibrating system is presented. 
Practical problems of modal analysis are presented. 

Chapter 6 studies distributed-parameter vibrating systems such as cables, rods, shafts, beams, 
membranes, and plates. Practical examples of associated vibration problems are indicated. Vibration 
of continuous systems is treated as a generalization of lumped-parameter systems, discussed in 
Chapter 5. In particular, the modal analysis of continuous systems is addressed in detail. The issue 
of orthogonality of modes is studied. The influence of system boundary conditions on the modal 
problem in general and the orthogonality in particular is discussed, with special emphasis on 
“inertial” boundary conditions (e.g., continuous systems with lumped masses at the boundaries). 
The influence of damping on the modal analysis problem is discussed. The analysis of response to 
a forcing excitation is performed. 

Chapter 7 exclusively deals with the problem of energy dissipation or damping in vibrating 
systems. Various types of damping present in mechanical and structural systems are discussed, with 
practical examples, and particular emphasis on interface damping. Methods of representation or 
modeling of damping in the analysis of vibrating systems are indicated. Techniques and principles 
of measurement of damping are given, with examples. 

Chapter 8 studies instrumentation issues in the practice of vibration. Applications range from 
monitoring and fault diagnosis of industrial processes, to product testing for quality assessment 
and qualification, experimental modal analysis for developing experimental models and for design- 
ing of vibrating systems, and control of vibration. Instrumentation types, basics of operation, 
industrial practices pertaining to vibration exciters, control systems, motion sensors and transducers, 
torque and force sensors, and other types of transducers are addressed. Performance specification 
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of an instrumented system is discussed. Issues and implications of component interconnection in 
the practical use of instrumentation are addressed. 

Chapter 9 addresses signal conditioning and modification for practical vibration systems. These 
considerations are closely related to the subject of instrumentation discussed in Chapter 8 and 
signal analysis discussed in Chapter 4. Particular emphasis is given to commercial instruments and 
hardware that are useful in monitoring, analyzing, and control of vibration. Specific devices 
considered include amplifiers, analog filters, modulators and demodulators, analog-to-digital con- 
verters, digital-to-analog converters, bridge circuits, linearizing devices, and other types of signal 
modification circuitry. Commercial spectrum analyzers and digital oscilloscopes commonly 
employed in the practice of vibration are discussed as well. 

Chapter 10 deals with vibration testing. This is a practical topic that is directly applicable to 
product design and development, experimental modeling, quality assessment and control, and 
product qualification. Various methods of representing a vibration environment in a test program 
are discussed. Procedures that need to be followed prior to testing an object (i.e., pre-test procedures) 
are given. Available testing procedures are presented, with a discussion of appropriateness, advan- 
tages, and disadvantages of various test procedures. The topic of product qualification testing is 
addressed in some length. 

Chapter 1 1 studies experimental modal analysis, which is directly related to vibration testing 
(Chapter 10), experimental modeling, and design. It draws from the analytical procedures presented 
in previous chapters, particularly Chapters 5 and 6. Frequency domain formulation of the problem 
is given. The procedure of developing a complete experimental model of a vibrating system is 
presented. Procedures of curve fitting of frequency transfer functions, which are essential in model 
parameter extraction, are discussed. Several laboratory experiments in the area of vibration testing 
(modal testing) are described, giving details of the applicable instrumentation. Features and capa- 
bilities of several commercially available experimental modal analysis systems are described, and 
a comparative evaluation is given. 

Chapter 12 addresses practical and analytical issues of vibration design and control. The 
emphasis here is in the ways of designing, modifying, or controlling a system for good performance 
with regard to vibration. Ways of specification of vibration limits for proper performance of an 
engineering system are discussed. Techniques and practical considerations of vibration isolation 
are described, with an emphasis on the use of transmissibility concepts developed in Chapter 3. 
Static and dynamic balancing of rotating machinery is studied by presenting both analytical and 
practical procedures. The related topic of balancing multi-cylinder reciprocating machines is 
addressed in some detail. The topic of whirling of rotating components and shafts is studied. The 
subject of design through modal testing, which is directly related to the material in chapters 10 
and 11, is discussed. Both passive control and active control of vibration are studied, giving 
procedures and practical examples. 

The background material that is not given in the main body of the text, but is useful in 
comprehending the underlying procedures, is given in the appendices. Reference is made in the 
main text to these appendices, for further reading. Appendix A deals with dynamic models and 
analogies. Main steps of developing analytical models for dynamic systems are indicated. Analogies 
between mechanical, electrical, fluid, and thermal systems are presented, with particular emphasis 
on the cause of free natural oscillations. Development procedure of state-space models for these 
systems is indicated. Appendix B summarizes Newtonian and Lagrangian approaches to writing 
equations of motion for dynamic systems. Appendix C reviews the basics of linear algebra. Vector- 
matrix techniques that are useful in vibration analysis and practice are summarized. Appendix D 
further explores the topic of digital Fourier analysis, with a special emphasis on the computational 
procedure of fast Fourier transform (FFT). As the background theory, the concepts of Fourier series, 
Fourier integral transform, and discrete Fourier transform are discussed and integrated, which leads 
the digital computation of these quantities using FFT. Practical procedures and applications of 
digital Fourier analysis are given. Appendix E addresses reliability considerations for multicom- 



©2000 CRC Press 




ponent devices. These considerations have a direct relationship to vibration monitoring and testing, 
failure diagnosis, product qualification, and design optimization. 

PROBLEMS 

1 .1 Explain why mechanical vibration is an important area of study for engineers. Mechanical 
vibrations are known to have harmful effects as well as useful ones. Briefly describe five 
practical examples of good vibrations and also five practical examples of bad vibrations. 

1 .2 Under some conditions it may be necessary to modify or redesign a machine with respect 
to its performance under vibrations. What are possible reasons for this? What are some 
of the modifications that can be carried out on a machine in order to suppress its 
vibrations? 

1.3 On the one hand, modern machines are designed with sophisticated procedures and 
computer tools, and should perform better than the older designs, with respect to mechan- 
ical vibration. On the other hand, modern machines have to operate under more stringent 
specifications and requirements in a somewhat optimal fashion. In general, design for 
satisfactory performance under vibration takes an increased importance for modern 
machinery. Indicate some reasons for this. 

1 .4 Dynamic modeling — both analytical and experimental (e.g., experimental modal anal- 
ysis) — is quite important in the design and development of a product, for good perfor- 
mance with regard to vibration. Indicate how a dynamic model can be utilized in the 
vibration design of a device. 

1.5 Outline one practical application of mechanical vibration in each of the following 
branches of engineering: 

1. Civil engineering 

2. Aeronautical and aerospace engineering 

3. Mechanical engineering 

4. Manufacturing engineering 

5. Electrical engineering 
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Time Response 

Vibrations are oscillatory responses of dynamic systems. Natural vibrations occur in these systems 
due to the presence of two modes of energy storage. Specifically, when the stored energy is converted 
from one form to the other, repeatedly back and forth, the resulting time response of the system 
is oscillatory in nature. In a mechanical system, natural vibrations can occur because kinetic energy, 
which is manifested as velocities of mass (inertia) elements, can be converted into potential energy 
(which has two basic types: elastic potential energy due to the deformation in spring-like elements, 
and gravitational potential energy due to the elevation of mass elements against the Earth's grav- 
itational pull) and back to kinetic energy, repetitively, during motion. Similarly, natural oscillations 
of electrical signals occur in circuits due to the presence of electrostatic energy (of the electric 
charge storage in capacitor-like elements) and electromagnetic energy (due to the magnetic fields 
in inductor-like elements). Fluid systems can also exhibit natural oscillatory responses as they 
possess two forms of energy. But purely thermal systems do not produce natural oscillations because 
they, as far as anyone knows, have only one type of energy. These ideas are summarized in Appendix 
A. Note, however, that an oscillatory forcing function is able to make a dynamic system respond 
with an oscillatory motion (usually at the same frequency as the forcing excitation) even in the 
absence of two forms of energy storage. Such motions are forced responses rather than natural or 
free responses. This book concerns vibrations in mechanical systems. Nevertheless, clear analogies 
exist with electrical and fluid systems as well as mixed systems such as electromechanical systems. 

Mechanical vibrations can occur as both free (natural) responses and forced responses in 
numerous practical situations. Some of these vibrations are desirable and useful, and others are 
undesirable and should be avoided or suppressed. The sound that is generated after a string of a 
guitar is plucked is a free vibration, while the sound of a violin is a mixture of both free and forced 
vibrations. These sounds are generally pleasant and desirable. The response of an automobile after 
it hits a road bump is an undesirable free vibration. The vibrations felt while operating a concrete 
drill are desirable for the drilling process itself, but are undesirable forced vibrations for the human 
who operates the drill. In the design and development of a mechanical system, regardless of whether 
it is intended for generating desirable vibrations or for operating without vibrations, an analytical 
model of the system can serve a very useful function. The model will represent the dynamic system, 
and can be analyzed and modified more quickly and cost effectively than one could build and test 
a physical prototype. Similarly, in the control or suppression of vibrations, it is possible to design, 
develop, and evaluate vibration isolators and control schemes through analytical means before they 
are physically implemented. It follows that analytical models (see Appendix A) are useful in the 
analysis, control, and evaluation of vibrations in dynamic systems, and also in the design and 
development of dynamic systems for desired performance in vibration environments. 

An analytical model of a mechanical system is a set of equations, and can be developed either 
by the Newtonian approach where Newton's second law is explicitly applied to each inertia element, 
or by the Lagrangian or Hamiltonian approach, which is based on the concepts of energy (kinetic 
and potential energies). These approaches are summarized in Appendix B. A time-domain analytical 
model is a set of differential equations, with respect to the independent variable time ( t ). A 
frequency-domain model is a set of input-output transfer functions with respect to the independent 
variable frequency (co). The time response will describe how the system moves (responds) as a 
function of time. Both free and forced responses are useful. The frequency response will describe 
the way the system moves when excited by a harmonic (sinusoidal) forcing input, and is a function 
of the frequency of excitation. This chapter introduces some basic concepts of vibration analysis 
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FIGURE 2.1 A mechanical dynamic system. 

using time-domain methods. The frequency-domain analysis will be studied in subsequent chapters 
(Chapters 3 and 4, in particular). 

2.1 UNDAMPED OSCILLATOR 

Consider the mechanical system that is schematically shown in Figure 2.1. The inputs (or excitation) 
applied to the system are represented by the force /(f)- The outputs (or response) of the system are 
represented by the displacement y. The system boundary demarcates the region of interest in this 
analysis. This boundary could be an imaginary one. What is outside the system boundary is the 
environment in which the system operates. An analytical model of the system can be given by one 
or more equations relating the outputs to the inputs. If the rates of changes of the response (outputs) 
are not negligible, the system is a dynamic system. In this case, the analytical model in the time 
domain becomes one or more differential equations rather than algebraic equations. System param- 
eters (e.g., mass, stiffness, damping constant) are represented in the model, and their values should 
be known in order to determine the response of the system to a particular excitation. State variables 
are a minimum set of variables that completely represent the dynamic state of a system at any 
given time t. These variables are not unique (more than one choice of a valid set of state variables 
is possible). The concepts of state variables and state models are introduced in Appendix A and 
also in this chapter. For a simple oscillator (a single-degree-of-freedom mass-spring-damper system 
as in Figure 2.1), an appropriate set of state variables would be the displacement}; and the velocity 
y. An alternative set would be y and the spring force. 

This chapter provides an introduction to the response analysis of mechanical vibrating systems in 
the time domain. In this introductory chapter, single-degree-of-freedom systems that require only one 
coordinate (or one independent displacement variable) in their model, are considered almost exclusively. 
Higher-degree-of-freedom systems will be analyzed elsewhere in the book (e.g., Chapter 5). Mass 
(inertia) and spring are the two basic energy storage elements in a mechanical vibrating system. A 
mass can store gravitational potential energy as well when located against a gravitational force. These 
elements are analyzed first. In a practical system, mass and stiffness properties can be distributed 
(continuous) throughout the system. But in this present analysis, lumped-parameter models are 
employed where inertia, flexibility, and damping effects are separately lumped into single parameters, 
with a single geometric coordinate used to represent the location of each lumped inertia. 

This chapter section first shows that many types of oscillatory systems can be represented by 
the equation of an undamped simple oscillator. In particular, mechanical, electrical, and fluid systems 
are considered. Please refer to Appendix A for some foundation material on this topic. The conser- 
vation of energy is a straightforward approach for deriving the equations of motion for undamped 
oscillatory systems (or conservative systems). The equations of motion for mechanical systems can 
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FIGURE 2.2 A mass element. 

be derived using the free-body diagram approach with the direct application of Newton’s second 
law. An alternative and rather convenient approach is the use of Lagrange equations, as described 
in Appendix B. The natural (free) response of an undamped simple oscillator is a simple harmonic 
motion. This is a periodic, sinusoidal motion. This simple time response is also discussed. 

2 . 1.1 Energy Storage Elements 

Mass (inertia) and spring are the two basic energy storage elements in mechanical systems. The 
concept of state variables can be introduced as well through these elements (see Appendix A for 
details), and will be introduced along with associated energy and state variables. 

Inertia (m) 

Consider an inertia element of lumped mass m, excited by force /, as shown in Figure 2.2. The 
resulting velocity is v. 

Newton’s second law gives 



dv 
m — 
dt 



f 



( 2 . 1 ) 



Kinetic energy stored in the mass element is equal to the work done by the force/on the mass. 
Hence, 



Energy 



E = 



J fdx = J / dt = J fvdt = J m< ^ vdt = mj vdv 



or 



Kinetic energy 



KE = 



1 2 

— mv 
2 



( 2 . 2 ) 



Note: v is an appropriate state variable for a mass element because it can completely represent the 
energy of the element. 

Integrate equation (2.1) from a time instant immediately before t - 0 (i.e., t = 0 ). 



v(t) = ' ; (0 ) + — f fdt 
v ' m J 
o~ 

Hence, with t = 0 + , for a time instant immediately after t = 0, one obtains 



(2.3) 



U 

K 0+ H(°-)+^J7^ 



(2.4) 
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Since the integral of a finite quantity over an almost zero time interval is zero, these results imply 
that a finite force will not cause an instantaneous change in velocity in an inertia element. In 
particular, for a mass element subjected to finite force, since the integral on the RHS of equation 
(2.4) is zero, one obtains 



v(0 + ) = v((T) 



(2.5) 



Spring ( k ) 

Consider a massless spring element of lumped stiffness k, as shown in Figure 2.3. One end of the 
spring is fixed and the other end is free. A force / is applied at the free end, which results in a 
displacement (extension) x in the spring. 

Hooke’s law gives 



f = kx or 




( 2 . 6 ) 



Elastic potential energy stored in the spring is equal to the work done by the force on the 
spring. Hence, 



or 



Energy : 



E = 



l fdx =l 



= I kxdx = \kx 2 



f .. dx 

= f — dt = 

J dt 



1 



fvdt = f f — — dt = 

J k dt 



- f fdf = —f 2 
k J 2k 



Elastic potential energy PE 




If 

2 k 



(2.7) 



Note : f is an appropriate state variable for a spring, and so is x, because they can completely 
represent the energy in the spring. 

Integrate equation (2.6). 



f{t) = f{0~) + jjvdt (2.8) 

(T 

Set t = 0 + . Then, 

o + 

/(0 + ) = /((r) + i-Jw/f (2.9) 

(T 
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FIGURE 2.4 A mass element subjected to gravity. 

From these results, it follows that at finite velocities, there cannot be an instantaneous change in 
the force of a spring. In particular, from equation (2.9) one sees that at finite velocities of a spring 

/(0 + ) = /((T) (2.10) 

Also, it follows that 

x(0 + ) = x(0~) (2.11) 



Gravitational Potential Energy 

The work done in raising an object against the gravitational pull is stored as gravitational potential 
energy of the object. Consider a lumped mass m, as shown in Figure 2.4, that is raised to a height 
y from some reference level. The work done gives 



Energy : E 




mgdy 



Hence, 



Gravitational potential energy : PE = mgy (2.12) 

2.1.2 Conservation of Energy 

There is no energy dissipation in undamped systems, which contain energy storage elements only. 
In other words, energy is conserved in these systems, which are known as conservative systems. 
For mechanical systems, conservation of energy gives 

KE + PE = const (2.13) 

These systems tend to be oscillatory in their natural motion, as noted before. Also, as discussed in 
Appendix A, analogies exist with other types of systems (e.g., fluid and electrical systems). Consider 
the six systems sketched in Figure 2.5. 

System 1 (Translatory) 

Figure 2.5 (a) shows a translatory mechanical system (an undamped oscillator) that has just one 
degree of freedom x. This can represent a simplified model of a rail car that is impacting against 
a snubber. The conservation of energy (equation (2.13)) gives 
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